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Sex, Load, and Relaxation
Are Women More Susceptible to
Load-Dependent Diastolic Dysfunction?*
Barry A. Borlaug, MD
Rochester, Minnesota
Cardiovascular disease affects men and women differently.
Longevity is greater in women, yet compared with men,
women suffer increased morbidity and mortality after myo-
cardial infarction (1) and are more likely to have heart
ailure with a preserved ejection fraction (HFpEF) (2). Prior
uman and animal studies have described important sex
ifferences in cardiovascular form and function (3–8). Many
f these differences become more marked over the adult life
ourse, and probably not by coincidence, many are com-
only seen in patients with HFpEF (2). Population-based
tudies consistently demonstrate a female predominance in
FpEF, particularly among the elderly, yet the causes for
his unequal distribution of the sexes in HFpEF remain
nclear.
See page 1226
Women are more likely to have concentric remodeling in
response to pressure overload, whereas chamber dilation is
more common in men (4). Women have smaller left
ventricular (LV) diastolic chamber volumes, even after
adjusting for body size, with higher ejection fraction, and a
steeper slope of the stroke work–end-diastolic volume
relationship, suggesting enhanced LV performance (6,7).
The age-dependent increase in ventricular end-systolic elas-
tance and stress-corrected endocardial shortening (measures
of LV chamber contractility) are, on average, increased in
women compared with men (3). One possible consequence
of these enhanced systolic properties in women is compro-
mise of diastolic reserve. By virtue of their steeper Starling
curve, women develop more dramatic drops in pulmonary
wedge pressure and stroke volume with acute preload
reduction compared with men (8). Diastolic chamber elas-
tance, a key determinant of LV filling pressures, is inextri-
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investigator-initiated grant from Atcor Medical.cably coupled to end-systolic elastance, which is also higher
in women (3,6).
LV diastolic function is intimately related to cardiac
afterload, and this load dependence is enhanced in heart
failure (9). Acute increases in afterload lead to prolongation
of isovolumic relaxation (9,10). Loading sequence is also
important: increases in late-systolic load seem to have more
profound effects on diastole, both acutely and chronically
(9–11). Women have higher pulsatile arterial loading com-
pared with men, expressed as effective arterial elastance,
aortic augmentation index, or central pulse pressure, and the
age-dependent increases in these measures of vascular stiff-
ening are exaggerated in women compared with men (3,5).
Collectively, these observations suggest that women may
display greater load-related diastolic dysfunction by virtue of
increased vascular stiffening alone. This hypothesis, along
with the aforementioned sex-specific differences in LV
function and remodeling during maturation, have been
proposed as reasons why women are more likely to develop
HFpEF than men (3).
In this issue of the Journal, Shim et al. (12) provide data
that suggest an alternative mechanism. The authors exam-
ined age-matched men and women without apparent car-
diovascular disease who had been referred for exercise stress
echocardiography. Central aortic pressure waveforms were
determined by application of a generalized transfer function
to radial artery waveforms, measured noninvasively. The
authors chose pulse pressure amplification, which varies
inversely with central vascular stiffening, as their primary
measure of arterial stiffness. The peak velocity of septal
mitral annular early diastolic motion (Em) was determined
as a measure of diastolic relaxation, whereas the ratio of
early diastolic filling velocity to Em (E/Em) was used as a
surrogate for LV filling pressures.
Similar to prior studies, the authors show that Em varies
inversely with measures of central vascular stiffening
(11,13). What is new here is that after stratifying the
analysis by sex, the authors found that the relationship
between vascular load and Em was restricted to women, and
was not significant in men. The sample size is fairly large,
suggesting that this is not the result of a lack of power, and
a strength of this analysis lies in its matching for both age
and diastolic function. In regression analysis, significant
correlations may be driven spuriously by group differences in
the means of the dependent and independent variables,
leading to an inaccurate conclusion of true biologic associ-
ation when one is not present. Indeed, women displayed
higher E/Em ratios and lower late diastolic (Am) and
systolic (Sm) velocities, at least suggesting the possibility of
greater burden of subclinical myocardial disease compared
with men. To deal with this, the authors matched men and
women for both Em and E/Em and similarly found the
same sex-specific discrepancy in the load-relaxation associ-
ation. Elevated afterload leads to prolongation of ejection,
and indeed, the authors report greater ejection times in
pulse
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How might sex influence the effects of afterload on
diastolic function? At the cellular level, afterload modula-
tion of relaxation is mediated by regulatory sarcomeric
proteins, with the 2 molecules best characterized being
troponin I (TnI) and myosin binding protein-C (MyBP-C)
(14,15). Activation of the beta-adrenergic receptor leads to
enhanced protein kinase A (PKA) activity and phosphory-
lation of both proteins. TnI phosphorylation by PKA
renders cross-bridge cycling more favorable and enhances
the rate of relaxation (lusitropy). Transgenic mice with
constitutive activation of PKA phosphorylation sites on TnI
do not display afterload-mediated relaxation delay, and
because PKA activity is characteristically depressed in HF,
this is speculated to explain part of the enhanced load
sensitivity of relaxation in chronic HF (14). More recent
data indicate that the coupling between systolic load,
ejection time, and relaxation is mediated in large part by
MyBP-C (15). Intriguingly, transgenic mice lacking
MyBP-C display shorter ejection durations, with markedly
less prolongation in diastolic relaxation with acute afterload
increase compared with wild-type mice. Whether sex-
specific differences in expression or phosphorylation status
of MyBP-C and TnI exist in humans or may affect
load-relaxation relationships differentially in men and
women remains unknown.
A few caveats regarding this study warrant discussion. In
a larger-sized sample, Weber et al. (13) reported that the
inverse relationship between vascular stiffening and Em
persisted after adjusting for sex, arguing against the authors’
primary finding. In a re-examination of data previously
published by our group in the Journal (11), we also detect an
apparent sex difference in the relationship between pulse
pressure (brachial or central) and Em (Table 1). However,
in contrast to findings from Shim et al. (12), we noted much
stronger relationships between Em and other measures of
aortic stiffening and wave reflection, and these generally
were seen in both sexes, although relationships did tend to
be stronger and more significant in women. Thus, the
current findings merit confirmation in larger populations,
using additional or independent measures of diastolic func-
Associations Between Vascular Parameters andTable 1 Associations Between Vascular Par
Men
r p Value
Brachial PP 0.23 0.30
Central PP 0.23 0.30
AIx 0.62 0.002
Zc 0.32 0.15
PWV 0.52 0.01
TAC 0.46 0.03
Data from Borlaug et al. (11).
AIx augmentation index; Em early diastolic mitral annular; PP
Zc  characteristic impedance.tion, with broader spectra of subject characteristics.Because there was no acute intervention in this study, it is
impossible to impute causality. Does the abnormal vascular
stiffening directly cause or contribute to relaxation delay, or
are these merely 2 phenomena which tend to “travel
together”? Future studies assessing sex-specific responses to
load modulation, preferably using gold standard invasive
techniques, may shed more light on this question. In
addition to matching for age and diastolic function, it would
have been interesting to match for vascular properties to
explore in more detail whether it is the extent or nature of
the load that is different, or the way in which the female
ventricle responds to the load. These issues merit future
study.
Important questions remain unanswered regarding sex
and the heart. Why is ventricular and vascular stiffening
more pronounced in women with age? What is the role of
sex hormones in determining sex differences in LV function
and remodeling? Is it hormone withdrawal, or the shift in
sex-hormone profile with aging, that alters myocardial
function, given that the vast majority of women with
HFpEF are post-menopausal? Because there are no thera-
pies of proven benefit for HFpEF, better understanding of
how and why women are more vulnerable to this disease is
more critical than ever. The findings of Shim et al. (12) may
represent an important step in the right direction.
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